The structural changes that occur in chroma tin DNA after ischemic brain injury are poorly under stood. The presence of oligonucleosome fragments that are recognized as the characteristic DNA ladder has been demonstrated in global and focal ischemia, associated or not with random DNA fragmentation. Using pulsed-field gel electrophoresis, which improves DNA separation, we
Transient ischemia in rodents is known to result in a delayed and relatively selective loss of specific neuronal populations (Pulsinelli et al., 1982) . Acti vation of apoptosis has been suggested to be in volved in this delayed cell death based on protec tion offered by protein synthesis inhibitors (Goto et al., 1990; Shigeno et al., 1990; Papas et al., 1992) . This was described as a particularly interesting fea ture of apoptosis in many situations (Wyllie et al., 1984) and has often been adduced as evidence for the active nature of apoptosis as compared to ne crosis, which is a passive consequence of loss in tegrity of cell membrane. The two characteristic features of apoptosis are the collapse of chromatin into highly condensed electron-dense masses and the appearance of the ladder of DN A fragments due to the activation of a Ca 2 + -dependent endogenous endonuclease (Arends et al., 1990) . Direct evidence for oligonucleosome degradation of DNA from isch emic cortex and striatum has been recently demon strated 24 and 48 h after global (Heron et al., 1993; MacManus et al., 1993) and focal (Linnik et al., have now detected initial stages of DNA fragmentation that occur already 6 h after reversible focal cerebral isch emia in rats. This result confirms that internucleosomal DNA fragmentation precedes random DNA fragmenta tion in vulnerable striatal and cortical neurons following reversible focal cerebral ischemia. Key Words: Apopto sis-Calcium-Necrosis-Pulsed-field electrophoresis.
1993; Tominaga et al., 1993; MacManus et al., 1994) ischemia.
Moreover, it was discovered that glucocorticoids that induce apoptosis by a receptor-mediated mech anism (Wyllie, 1980) also induce the production of high molecular weight DNA fragments detectable only on pulsed-field gels (Roy et al., 1992) , which suggests that this pattern of DNA fragmentation may be a more universal marker for apoptosis.
In the present study, we have used conventional gel electrophoresis to detect the small oligonucleo some fragments and pulsed-field gel electrophoresis (PFGE) to reveal the initial double-strand breaks in genomic DNA following reversible focal ischemia. Our results suggest that DNA laddering, and possi bly apoptosis, could take place before necrosis in this delayed neuronal cell death.
MATERIAL AND METHODS

Ischemia
Experiments were performed in strict accordance with NIH guidelines. Male Sprague-Dawley rats (300-350 g) were anesthetized with chloral hydrate (400 mg/kg i.p.).
Both common carotid arteries (CCAs) were isolated through a ventral midline neck incision and loose liga tures placed around them. The left middle cerebral artery (MCA) was exposed via a temporal craniectomy and oc cluded at its proximal site with a Zen-type temporary clip (13 x 0.4 mm; Ohwa Tsuho Co., Tokyo, Japan). Simul taneously, the CCAs were occluded. One hour after the onset of ischemia, the MCA clip was removed and recir culation within the CCAs was allowed for 6-48 h. Resto-ration of blood flow in all three arteries was observed under microscope. During the surgical procedure and un til recovery from anesthesia, body temperature was main tained at 37-38°C. Animals were killed at 6, 18, 24, and 48 h of recirculation following ischemic onset, and the brains were rapidly removed. Striatum, cortex, and hippocam pus were dissected out from the ipsilateral hemisphere onto an ice-cold plate. Naive rats were used as control.
Histological studies were performed in another set of animals (n = 10) submitted to the same ischemic para digm. After death, brains were removed and frozen in isopentane (-40°C). Cryostat coronal sections were stained with cresyl violet. On each section, striatal and cortical areas of infarction were measured using an image analyzer (IMSTAR, Paris, France). Volumes of infarction were calculated by integrating the necrotic areas.
DNA fragmentation assay
DNA extraction and electrophoresis. Each region was homogenized in 10 vols of TE buffer [10 mM Tris-HCI (pH 8.0) and 1 mM ethylenediaminetetraacetate (EDTA)] with a hand-operated homogenizer. The homogenate was then incubated in 3 vols of extraction buffer [10 mM Tris Hel (pH 8.0), 10 mM EDT A (pH 8.0), 0.5% sodium do decyl sulfate, 100 fLg/ml proteinase K], and genomic DNA was extracted as previously described (Heron et aI., 1993) . DNA samples (10 fLg) were analyzed on 1.2% aga rose gels containing ethidium bromide (0.5 mg/mi). DNA was visualized by ultraviolet transillumination.
DNA preparation and PFGE. The same weight of tis sue (striatum, cortex, and hippocampus from control and ischemic rats) was homogenized in 500 fLl of TE buffer (as described), and cell suspensions were embedded in 500 fLl of 2% low geling agarose into plugs as previously described (Walker et aI., 1993) . The DNA in the plugs was deproteinized by incubation in buffer [10 mM Tris HCI (pH 9), 125 mM EDTA, 1% sodium dodecyl sulfate, and 0.1 mg/ml ultrapure proteinase K] for 18 h at 37°C. Deproteinized DNA-containing agarose plugs were added to the wells and sealed with low melting point agarose. Electrophoresis was carried out using a Gene Navigator 6 hours 18 hours 1 2 3 4 5 6 7
bp device (Pharmacia, France) according to Lognonnt (1993) . Electrophoretic conditions and pulse time are in dicated in the legend of Fig. 2 .
RESULTS
One-hour MCA and CCA occlusion followed b) 24-h reperfusion resulted in a well delineated ne· erotic volume in both the striatum and the corte)! (respectively, 46 ± 2 and 212 ± 13 mm 3 ; n = 10).
With an 18-h delay, the border between this volume of dying neurons and the adjacent brain is less con spicuous with Niels stain. The bulk of the genomic DNA extracted from naive rat cortex demonstrated that its integrity was roughly preserved (Fig. 1, lane 1) as previously de scribed (Heron et aI., 1993) . The course of DNA fragmentation, as observed on agarose gels (Fig. 1) , demonstrated that a typical DNA ladder pattern with oligonutieosome-sized fragments of 180-200 bp (lanes 5 and 6) was predominant in striatum and cortex 18 h after recirculation (n = 6), whereas no degradation was shown 6 h (n = 4) after recircula tion in these cerebral regions. Twenty-four hours after recirculation (n = 5), random DNA degrada tion, as shown by a smear pattern, appeared pre dominantly in the striatum, although a few oligonu cleosome fragments were still detected. The DNA ladder in cortex was still present. In contrast, ran dom DNA degradation was prominent in the stria tum and cortex 48 h after recirculation (n = 4). In the hippocampus, no DNA degradation was ob served.
Although the formation of the DNA ladder has been the biochemical hallmark indicating apoptosis, it does not reflect the full pattern of DNA fragmen tation. To avoid nonspecific DNA cleavage (in duced by phenol/chloroform extraction), cell sus pensions from the striatum and cortex of postisch emic rats were embedded into agarose plugs (Walker et al., 1993 3) essentially remained located in wells ( Fig. 2A,  lane 3) . As soon as 6 h postischemia, DNA from cortex and striatum (n = 3) was first essentially cleaved into fragments � 300 kbp ( Fig. 2A, lanes 4  and 5; Fig. 2B, lanes 2 and 3) as compared with control. Furthermore, a small degradation into frag ments of ?50 kbp was also observed (Fig. 2B, lanes  2 and 3) . Eighteen hours postischemia, cleavage into fragments between 10 and 100 kbp was de- tected in these two vulnerable structures ( Fig. 2A,  lanes 6 and 7; Fig. 2B, lanes 4 and 5) . In the hippo campus, in which no typical DNA fragmentation was observed with conventional gel electrophoresis (Fig. I) , PFGE demonstrated a slight DNA frag mentation, as found in two animals ( Fig. 2A, lane  6) . Although no neuronal cell loss was observed in the hippocampus of these animals, we found by light microscopy the presence of a few scattered smaller neurons with intense cresyl violet staining, suggesting cytoplasm and chromatin condensation, in the CAl pyramidal cell layer but not in the CA 3 or the granule cell layer of the hippocampus. Similar results were also observed 24 h following recircula tion (not shown).
DISCUSSION
This report is the first demonstration of an early endonuclease activation following reversible focal ischemia, in which striatal and cortical neuronal loss was associated with macrophagic reaction (de termined with OX-42 antibodies) (A. Represa, per sonal communication), starting �24 h after the in sult. DNA cleavage is shown to proceed through dif ferent stages of fragmentation as examined by PFGE. The first stage involves fragmentation of the DNA at 300 kbp followed by their further conver sion to fragments of 50 kbp (6 h postischemia). Eighteen hours postischemia, the amount of 300kbp fragments decreases, whereas 50-kbp frag ments increase. These 50-kbp fragments are further degraded to release the smaller oligonucleosomal DNA fragments that are recognized as the classic DNA ladder. The initial stages of DNA fragmenta tion cannot be detected by conventional agarose gel electrophoresis, and PFGE increases the resolution of the separation of the very long DNA molecule. The application of this technique leads to a better understanding of the temporal events of cell death, including the relationship between the initial stages of DNA fragmentation and the introduction of other modifications to the DNA molecule. PFGE may be compared to the in situ labeling of DNA breaks in cell nuclei (TUNEL method), which also allows de tection of positively stained neurons and apoptosis already 6 h following injection of kainate (Pollard et al., 1994a,b) . However, since in necrotic cells DNA is degraded by the release of DNAses, these cells will incorporate the label with the in situ tech niques. It is therefore essential to use parallel gel electrophoresis to determine the size of DNA frag ments.
Our results also demonstrate that I-h MCA and CCA occlusion may initiate internucleosomal DNA fragmentation, indicative of apoptosis, prior to the onset of necrosis. This suggests that with a given degree of ischemic severity, the rise in intracellular Ca 2 + content that follows the ischemic episode first activates endonuclease(s) (Tominaga et aI., 1993) , with subsequent proteinase activation.
In conclusion, PFGE is useful to show that DNA degradation occurs as a relatively early event in the course of ischemic cell death, in contrast to results from previous studies (Heron et al., 1993; Linnik et al., 1993; MacManus et al., 1993 MacManus et al., , 1994 Tominaga et al., 1993) . These data will contribute to the concept of apoptosis in pathological situations and the de velopment of novel therapeutic approaches directed J Cereb Blood Flow Metab. Vol. 15. No.3. 1995 at disrupting the process of apoptosis for preserving functional neuronal tissue after an ischemic insult.
